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Abstract
Air curtains are commonly used as separation barriers to reduce exchange flows through an open-door of a building.
Here, we investigated the effectiveness of an air curtain to prevent the transport of contaminants by a person walking
along a corridor from a dirty zone into a clean zone. We conducted small-scale waterbath experiments with fresh
water, brine and sugar solutions, with the brine as a passive tracer for the contaminant in the wake of person. A
cylinder representing human walking was pulled between two fixed points in the channel across the air curtain. We
observed that the air curtain can prevent up to 40% of the contaminant transport due to the wake of a moving person.
We proposed a new way to evaluate the performance of an air curtain in terms of the deflection modulus and the
effectiveness defined for this iso-density situation, similar to quantities typically used for the case where the fluid
densities in the two zones are different. We observed that the air curtain has an optimal operating condition to achieve
a maximum effectiveness. Dye visualisations and time-resolved particle image velocimetry of the air curtain and the
cylinder wake were used to examine the re-establishment process of the planar jet after its disruption by the cylinder
and we observed that some part of the wake is separated by the re-establishing curtain. We observed that the exchange
flux peaks after the cylinder passes the air curtain and reduces to a typical value after the re-establishment of the
curtain.
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1. Introduction
Human and vehicular traffic through open doorways
is accompanied by a wake which may contain undesir-
able agents such as airborne contaminants, moisture,
odours, insects, heat energy and microorganisms. In
the present study, we are interested in the transport of
contaminants in the wake of a person walking along an
isothermal corridor and ways to minimise it using an air
curtain. Such flows can occur in hospital corridors and
subway tunnels, and an air curtain can be used to min-
imise the transmission of airborne diseases in hospitals
[1, 2, 10, 15] and to contain smoke in case of fire in a
subway tunnel [13].
In practice, an air curtain is produced by a fan,
mounted in a manifold usually located above a doorway,
which drives the air and thus establishes a downward
planar air jet that acts as a virtual barrier. Air curtains
Email address: navinnaru88@gmail.com (Narsing K. Jha)
are mainly used in buildings to reduce the buoyancy-
driven exchange flows across open doorways between
two zones of a building at different temperatures, or,
more commonly, between the inside and outside of the
building. Under optimal operating conditions, an undis-
turbed air curtain can reduce the buoyancy-driven air
exchange by about 80% compared to an open doorway
[7].
While turbulent jets are well understood [5, 9, 18],
their use as a separation barrier is still being explored.
The first fundamental and systematic study on air cur-
tains was carried out by Hayes and Stoecker [7, 8]. They
identified the deflection modulus Dm, defined as the ra-
tio of the jet momentum flux and the pressure difference
due to the ‘stack effect’ associated with the buoyancy
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difference across the doorway,
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(1)
as the key parameter for the performance of an air cur-
tain. Here, u0, ρ0, T0 and Q0 are the discharge ve-
locity, density, temperature (in Kelvin) and volumetric
discharge per unit nozzle length of the jet at the man-
ifold exit, respectively. We approximate the details of
this exit as a two-dimensional nozzle of width b0. The
height of the doorway is denoted by H and g is the ac-
celeration due to the gravity. For a doorway between
two zones at different temperatures the subscripts d and
l are used to denote the properties of the dense (cold)
and light (warm) air, respectively. The value of Dm de-
termines the stability of an air curtain: a curtain is said
to be stable if it reaches the opposite side of the door-
way, i.e. the floor if directed downwards, and unstable
otherwise [4].
For the case ρl , ρd, i.e., when there is a horizon-
tal density stratification across the doorway, the perfor-
mance of an air curtain can be conventionally quantified
by the sealing effectiveness E, defined as the fraction of
the buoyancy-driven exchange flow prevented by the air
curtain compared to the open doorway condition,
E ≡
q − qac
q
, (2)
where qac and q are the exchange flows through the
doorway with and without the air curtain, respectively.
A major aim of modelling air curtains is to determine
the relationship between E and Dm. Typically, as has
been reported in several previous studies, the air curtain
is unstable for Dm / 0.15 which is reflected in very low
and scattered effectiveness values of E. For Dm ' 0.15,
the air curtain stabilizes and impinges on the floor. E in-
creases with Dm as a result of the air curtain disrupting
the organised buoyancy-driven flow through the door-
way, until a maximum value of E is reached. The max-
imum value of E can be as high as 0.8-0.9 and is at-
tained for some value 0.2 / Dm / 0.4. With further
increase in Dm, E decreases because of the increased
mixing within the air curtain [4]. A sketch of a typical
E(Dm) curve is presented in figure 1.
Choi and Edwards [3] and Tang et al. [19] studied
the contaminant transport caused by humans walking
through a doorway using large eddy simulation (LES)
Figure 1: A typical shape of the effectiveness curve E(Dm) as a func-
tion of the deflection modulus that was reported in several previous
studies. The experimental data have been reproduced from [4].
computations and laboratory experiments, respectively.
They examined the effect of a vestibule on the trans-
port and found that a faster walking speed through a
vestibule and a larger vestibule results in less mass
transport from the contaminated room into the clean
room. They also considered the effect of opening vari-
ous types of doors such as hinged or sliding, and found
that the effect of the induced air movement on the hu-
man wake had a noticeable effect. Qi et al. [17] studied
the effect of a human presence below an air-curtain (but
not human passage) and they observed that the presence
of a person either had no influence or reduced the infil-
tration flux due to blockage of the doorway.
The aim of the present study is to investigate the ef-
fect of an air curtain on the contaminant transport in the
wake of a person walking along a corridor in which the
air temperature in both sections, and hence density, is
uniform. The corridor has a uniform width and height
and the air curtain is located at the ceiling and spans the
full width of the corridor. Additionally, we also restrict
attention to an air curtain blowing air at ambient tem-
perature, so that it is a pure momentum jet and there are
no buoyancy-driven flows associated with the air cur-
tain itself. The contaminant transport by human passage
through an air curtain in the presence of a buoyancy dif-
ference across the air curtain is presented in a compan-
ion paper [12]. The study is conducted by means of
small-scale waterbath experiments that are dynamically
similar to real-scale situations.
The paper is structured as follows. In section 2, we
describe the experimental setup and the techniques used
for flow visualization, measurements of the contaminant
transport and the air curtain effectiveness by means of a
conductivity probe, as well as the velocity field mea-
surement using particle image velocimetry (PIV). The
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experimental results are presented in section 3. In sec-
tion 3.1, we consider the contaminant transport due to
the wake both without and with an operating air curtain
and propose new definitions of the deflection modulus
Dm,c and the air curtain effectiveness Ec in order to eval-
uate the performance of the air curtain. For flow charac-
terisation, dye visualizations of the jet and the infiltra-
tion by the wake are described in section 3.2. Velocity
field measurements from PIV showing the interaction
of the jet and the wake are presented in section 3.3, and
are used to quantify the temporally varying exchange
flux across the air curtain during the entire process of
the cylinder motion. Finally, in section 4 we summarise
our conclusions.
2. Experimental methods
2.1. Setup
Small-scale waterbath experiments were performed
with brine and sugar solutions in a channel represent-
ing a corridor with dimensions of length 2L = 2m,
width W = 0.2m, and depth 0.25m. The channel, a
schematic of which is shown in figure 2, was divided in
two equal sections by an initially closed vertical gate,
which represented a doorway in a corridor. One side of
the tank was filled with salt water of density ρd and the
other side with sugar water of density ρl. In order to
model the situation of a doorway in an isothermal cor-
ridor, we adjusted the densities ρl = ρd = 1040 kgm
−3
with the precision of 0.5 kgm−3. Consequently, when
the vertical gate was opened there was no buoyancy-
driven flux across the doorway between two iso-density
sections of the channel. Since molecular diffusion was
negligible, sugar and salt acted as passive tracers. All
densities were measured using an Anton-Paar density
meter DMA 5000 with an accuracy of 7 × 10−2 kgm−3.
Additionally, we used a calibrated conductivity probe
to measure the salt contentC (in kgm−3) in each half of
the tank.
To represent the passage of a person along the corri-
dor and through the open doorway, a cylinder of diam-
eter d = 50mm and height l = 170mm was pulled at a
constant velocity Uc along the centreline of the channel
from the salt water side to the sugar water side. The base
of the cylinder was pulled by a flexible line, attached to
a motor via a part of pulleys. To ensure stability during
its motion the base of the cylinder consisted of a disc
with a larger diameter of 80mm and height of 15mm.
The speed of the cylinder Uc was controlled by the mo-
tor and could be varied in the range of 50−250mm s−1.
The cylinder was pulled between two fixed points of the
channel, namely the midpoints of both channel sections.
As we discuss below, the height and diameter of the
cylinder were chosen to be representative of a typical
adult when compared to the height and width of a typi-
cal doorway. The velocity of the cylinder was chosen to
ensure that the cylinder motion was dynamically similar
to human walking. The length of the experimental tank
ensured there was an appropriate distance (∼ 10d; Honji
and Taneda [11]) to establish the wake of the cylinder
before and after its passage through the doorway.
To study the ability of an air curtain to reduce the con-
taminant transport due to the cylinder wake, we fitted
an air curtain device (ACD) across the top of the tank
on the sugar water side next to the vertical gate (figure
2). The ACD consisted of a horizontal cylinder of length
195mm, closed at the ends. The cylinder was filled with
fine sponge wrapped in a steel wire mesh to uniformly
distribute the flow and was supplied with sugar water of
density ρ0 = ρl and at a flow rate q0 (in mm
3 s−1) from
an overhead tank. A sequence of 39, 1.0mm diameter
holes separated by 5.0mm (centre to centre) was drilled
along the length of the cylinder, facing downwards on
the opposite side to the inlet connections. The ACD was
positioned in such a way that the holes on the underside
of the cylinder were just submerged in water. The cir-
cular water jets from the holes merged a few diameters
downstream of the nozzle and formed a planar turbulent
jet further downstream [14]. The effective planar noz-
zle width b0 = 0.157mm was determined as the ratio of
total hole area and length of the cylinder.
In a given experiment the volumetric flow rate
q0 in mm
3 s−1, measured by the Omega flow meter
(FLR1013), was maintained at a constant value with
an accuracy of ±3%. We used two values for the vol-
ume flux per unit width Q0 = q0/W = 338mm
2 s−1
and 480mm2 s−1 (table 1). The turbulence level at the
nozzle exit was not measured but Guyonnaud et al. [6]
argued that the turbulence intensity does not noticeably
affect the air curtain performance.
To facilitate flow visualisation, we used two dye ports
injecting dye of different colours. One dye injection
point (blue dye) was placed just underneath the nozzle
of the air curtain device on the centreline of the tank.
The other dye port (red dye) was attached to the front of
the cylinder at half the height of the cylinder. A Nikon
D3300 camera was used to capture the top and the side-
view videos of the experiments at 24 f.p.s. Uniform
background illumination was ensured using a projec-
tor located 5m behind the channel and then passing it
through a translucent film before entering the tank.
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Figure 2: Schematic showing the experimental setup. Experiments were conducted in a long channel, one half of which was filled with salt water
and the other half with sugar water at the same densities ρd = ρl. Fluid of density ρ0 = ρl = ρd was supplied to the air curtain device (ACD) from a
constant head tank. A vertical gate was installed beside the curtain to separate the fluid when the air curtain device was switched off. The cylinder
was driven by a motor, connected by a flexible thread and a system of pulleys. A dye port injecting red dye was attached to the cylinder to track the
wake and the infiltration. Blue coloured dye was injected at the nozzle exit to visualise the air curtain.
Experiment ρd ρl ρ0 Air curtain Q0 t f w wm = l/t f w Uc U
∗
kgm−3 kgm−3 kgm−3 mm2 s−1 s mm s−1 mms−1
E1 1040 1040 1040 off - - 0 62.5 0
E2 1040 1040 1040 off - - 0 120 0
E3 1040 1040 1040 off - - 0 175 0
E4 1040 1040 1040 off - - 0 192.5 0
E5 1040 1040 1040 off - - 0 210 0
E6 1040 1040 1040 on 338 0.56 305 62.5 0.20
E7 1040 1040 1040 on 338 0.56 305 120 0.39
E8 1040 1040 1040 on 338 0.56 305 175 0.57
E9 1040 1040 1040 on 338 0.56 305 192.5 0.63
E10 1040 1040 1040 on 338 0.56 305 210 0.69
E11 1040 1040 1040 on 480 0.39 440 62.5 0.14
E12 1040 1040 1040 on 480 0.39 440 120 0.27
E13 1040 1040 1040 on 480 0.39 440 175 0.40
E14 1040 1040 1040 on 480 0.39 440 192.5 0.44
E15 1040 1040 1040 on 480 0.39 440 210 0.48
EPIV1 998 998 998 on 465 0.40 420 0 0
EPIV2 998 998 998 on 465 0.40 420 175 0.42
Table 1: The experimental conditions and parameter values used in experiments. Here, t f w is the time taken by the curtain to reach the bottom of
the tank z/H = 0 from the cylinder height z = l in a quiescent environment of the same density, H is the height of the curtain from base of the tank,
ρl and ρd are the densities of the fluid in the dense and light side of the tank, respectively.
2.2. Experimental procedure
We first conducted experiments to measure the con-
taminant transport from the salt water into the sugar
water side when the cylinder was moving through an
unprotected doorway, i.e., when the air curtain device
was switched off. For these experiments (E1 - E5 in ta-
ble 1), both compartments were initially filled up to the
height of H = 210mm. The initial salt content in the
salt and the sugar side of the tank was measured using
the conductivity probe and labelled as Cd andCl (which
is equal to 0), respectively. The experiment was started
by carefully removing the vertical gate. Subsequently,
the cylinder was set into motion from the midpoint of
the salt water side at a constant velocity Uc with the di-
rection of travel from the salt water side to the sugar
water side and the time measurement started. When the
cylinder reached the point at half the distance between
the vertical gate and the opposite end wall of the tank
(i.e., the midpoint of the sugar water side), the motor
driving the cylinder was stopped and the vertical gate
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was immediately closed. The experiments were con-
ducted for five different cylinder velocities Uc between
62.5mm s−1 and 210mm s−1, see table 1. The total time
t during which the gate was open and allowed the ex-
change flow (in the order of magnitude of 10 s) was
measured using a stop watch with an accuracy of 0.1 s.
At the end of an experiment, the fluid in each section
was fully mixed and the new salt contents in both sides
were measured using the conductivity probe, denoted as
Cdn in the salt water side andCln in the sugar water side.
The values for the measured salt content were then
used to calculate the volume V˜i of salt water infiltrating
the sugar water side during an experimental run as
V˜i = Vl
(Cln −Cl)
(Cd −Cl)
. (3)
The infiltration volume V˜i is a measure for the contam-
inant transport in the cylinder wake. Equation (3) is
based on the conservation of salt and we implicitly as-
sume that the net flux across the doorway is zero. The
initial volume in the sugar water side of the tank is de-
noted by Vl. The error in the measurement of the infil-
tration volume V˜i is approximately±2.5% at the highest
cylinder speed and ±10% at the lowest speed. We de-
fine the time-averaged infiltration flux from the salt wa-
ter side into the sugar water side due to the wake of the
moving cylinder as
qcyl =
V˜i
t
. (4)
The experimental procedure for measuring the con-
taminant transport, i.e., the infiltration volume, when
the cylinder was moving through a doorway protected
with an operating air curtain was similar but with a few
minor differences (E6 - E15 in table 1). As before, the
salt water side was filled with brine solution up to the
height of H = 210mm but the water level in the sugar
water side was initially set slightly below at 205mm.
The experiment was started by switching on the ACD.
Once the flow in the jet reached a steady state and the
water level in the sugar water side reached the same
level H as in the salt water side, the vertical barrier be-
tween the two section was opened and the blue dye port
switched on. Immediately, the cylinder was set into mo-
tion at a constant velocity Uc from the midpoint of the
salt water side, and the red dye port was opened to visu-
alise the cylinder wake. We used the same cylinder ve-
locitiesUc as for experiments with an unprotected door-
way opening. As before, we ended the experiment when
the cylinder reached themidpoint of the sugar water side
by stopping the motor and closing the vertical gate. We
also immediately switched off the flow through the air
curtain and closed all the dye ports. After thoroughly
mixing the fluid in both sides, we used the conductivity
probe to measure the salt contents Cln and Cdn.
For experiments with an operating ACD, sugar water
of density ρ0 = ρl was constantly added to the tank at
a rate q0, which was the total source volume flux (in
mm3 s−1) of the air curtain. Thus, when calculating the
infiltration volume Vi of salt water into the sugar water
side a small correction needs to be applied
Vi = (Vl + βq0t)
(Cln −Cl)
(Cd −Cl)
. (5)
Here, β denotes the fraction of the air curtain vol-
ume flux that spilled into the sugar water section upon
impingement of the air curtain on the channel bot-
tom. For our typical jet nozzle volume fluxes of
q0 = 80 000mm
3 s−1 (corresponding to the flux per unit
width of Q0 = 400mm
2 s−1) and run-times of less than
15 s, the volume of water added by the curtain to the
sugar water compartment was at most 3% of the total
volume Vl if β = 1. Any value of β between 0.5 and 1
can be chosen with an error of less than 3% of Vi, and
we used β = 0.5. The time-averaged infiltration flux of
salt water into the sugar water side when the ACD is
operating is then calculated as
qac =
Vi
t
, (6)
where t is the time duration of the door opening in ex-
periment and it is the same for a given cylinder speed
Uc both with and without an operating air curtain. We
describe the ability of an air curtain to prevent the infil-
tration flux associated with a moving cylinder in terms
of the effectiveness
Ec =
qcyl − qac
qcyl
(
=
Vi − V˜i
V˜i
)
. (7)
We note that although we calculate the infiltration
flux qac as an average quantity for the cylinder motion
through the air curtain, in reality, it is expected to be
variable with time, especially when the cylinder travels
a long distance before and after the air curtain. More
precisely, the total infiltration flux qac(t) can be decom-
posed as
qac(t) = qac,m + qac,cyl(t), (8)
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where qac,m is the exchange flux caused by the mix-
ing process within the air curtain, assumed to be time-
independent, and qac,cyl(t) is the infiltration flux due to
the curtain-wake interaction. In the absence of a mov-
ing cylinder qac(t) = qac,m. So, were the cylinder started
a very long distance away from the air curtain, qac(t)
would have an initial steady value qac(t) = qac,m. Sub-
sequently, as the cylinder passed underneath the air cur-
tain, the value of qac(t) would increase by qac,cyl(t) and
then would again return to its initial value qac,m after
the cylinder has travelled an appropriate distance away
from the air curtain.
In our experiments, we tried to choose the travelling
distance of the cylinder before and after the air cur-
tain appropriately, and focus only on the immediate pro-
cesses associated with the cylinder passage through the
air curtain. This means that we attempted to limit the
travel distance of the cylinder as much as possible and
consider the time frame when qac(t) is increased due to
the curtain-wake interaction, i.e., qac,cyl(t) , 0. While
qac(t) may still vary during this time frame, it is non-
trivial to measure this temporal variation. Thus we mea-
sure the time-averaged qac by measuring the densities at
the start and the end of an experiment and use (7) to
calculate this ‘cumulative’ effectiveness for a cylinder
moving a fixed distance before and after the air curtain.
We use PIV measurements described in the next section
to discuss whether our choice of the cylinder travelling
distances before and after the air curtain is appropriate.
2.3. PIV measurements
In order to gain insight into the instantaneous flow
field and the temporal variation of the infiltration flux,
we conducted measurements using the time-resolved
2D particle image velocimetry (PIV) (experiments
EPIV1 and EPIV2 in table 1). Since no tracer for the in-
filtration flux was required in this set of experiments and
in order to avoid the impact of refractive index changes,
we used here pure water in both sides of the tank and for
the air curtain supply, i.e. ρd = ρl = ρ0 = 998 kgm
−3.
The velocity field was measured in the streamwise and
vertical plane through the axis of the cylinder. A thin
vertical light sheet was generated by passing the light
from a pair of 300W xenon arc lamps through a thin slit.
The arc lamp was equipped with paraboloidal dichroic
reflectors, which produce about 35W of visible light.
The light sheet entered the tank after being reflected
from a cold mirror to avoid heating the perspex tank.
The flow was seeded with 50 µm diameter particles,
which were approximately neutrally buoyant. Particle
concentrations were chosen such that each correlation
box used in the PIV analysis had 6 to 8 particles to
provide good correlations. Images were recorded us-
ing an ISVI camera with a full resolution of 12 Mpixel.
A Nikon 85mm lens was used and images were cap-
tured at a frame rate of 400 f.p.s. with a resolution of
2048×2048 pixels. Exposure times were kept at 0.8ms
and no streaking of particles was observed. We per-
formed the analysis of the image pairs in the DigiFlow
software using a box size of 33× 33 pixels. The present
PIV measurements are similar to those described in
more detail in Olsthoorn and Dalziel [16].
2.4. Dynamical similarity and comparison to real-scale
air curtains
In the following, we describe the results in terms of
the non-dimensional cylinder speed U∗ ≡ Uc/wm. We
calculate the mean velocity of the air curtain front as
wm ≡ H/t fw, where t fw is the time needed by an es-
tablishing air curtain to reach the tank bottom z/H = 0
from the cylinder top height z = l, with z being the ver-
tical coordinate. We measured t fw by tracking the air
curtain front in the recordings where the blue-dyed air
curtain was establishing in the fresh water environment.
For the value of the ACD flow rate of Q0 ∼ 480mm s
−2,
wm is about 440mm s
−1. We varied the cylinder speed
from 62.5mm s−1 to 210mm s−1, which results in val-
ues of U∗ from 0.14 to 0.69.
These values are typical for the human passage
through a full-scale air curtain. For example, walking at
a moderate pace of 1m s−1 = 3.6 km h−1 through a typi-
cal air curtain with the speed wm ∼ 2m s
−1, gives U∗ ∼
0.5. The cylinder Reynolds numbers Recyl ≡ Ucd/ν are
in the range 3,100 – 10,500 in our experiments com-
paredwith ∼ 50, 000 at full scale. Both the experimental
and full scale Reynolds numbers are in the shear-layer
transition regime [20], so we expect our results to apply
at full scale.
In domestic buildings, doorways are typically be-
tween twice as wide as the human waist and up to 5 to
6 times wider in non-domestic buildings, and the door
width in our experiments was four times wider than the
cylinder diameter d. Also, the wake width of the cylin-
der is around 4d at a distance of 5d away from the cylin-
der axis. Usually, the cylinder crosses a length of ap-
proximately 5d while the curtain is re-establishing.
3. Results
3.1. Infiltration volume and effectiveness of the air cur-
tain
In our experiments, we calculated the transported vol-
ume of salt water V˜i and Vi in the wake of the moving
6
Figure 3: (a) The non-dimensional transported volume V˜i/Vs and Vi/Vs of salt water across the doorway between two iso-density spaces for
different cylinder speeds Uc without and with an operating air curtain, respectively. Curves are shown to highlight the trend of the data. (b)
Non-dimensional transported volume V˜i/Vt as a function of the cylinder Reynolds number Recyl = Ucd/ν.
D
m,c
E c
0 0.2 0.4 0.6 0.8 1 1.20
0.2
0.4
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Q0 = 480 mm
2/s
Q0 = 338 mm
2/s
Figure 4: The effectiveness curve Ec(Dm,c) of the air curtain, where
the effectiveness Ec and the deflection modulus Dm,c in the present
case of a cylinder moving between two iso-density rooms are defined
by (7) and (11), respectively. The dashed curve is shown to highlight
the trend of the data.
cylinder across the doorway using (3) and (5), respec-
tively. We non-dimensionalise V˜i and Vi by the swept
volume of the cylinder Vs = Usldt = ldL, where L is the
swept length of the cylinder or half length of channel
and t is the duration of the experiment. Note that
V˜i
Vs
=
V˜i
Ucldt
=
qcyl
Ucld
(9)
and
Vi
Vs
=
Vi
Ucldt
=
qac
Ucld
. (10)
In figure 3a, we plot V˜i/Vs for the case of no air
curtain and V˜i/Vs for two curtain strengths of Q0 =
338mm2 s−1 and Q0 = 480mm
2 s−1 as a function of
the cylinder speed Uc. We need to plot the data here
against Uc rather than U
∗ since U∗ cannot be mean-
ingfully defined when the air curtain is not operating.
For a fixed air curtain strength, an increasing Uc corre-
sponds to an increasing U∗. When the air curtain is not
operating, the infiltration volume V˜i/Vs, and hence the
contaminant transport, increases with the cylinder speed
Uc. When the air curtain is switched on, we observe a
clear reduction in the transported volume Vi/Vs of salt
water across the doorway: the air curtain prevents up to
a half of the volume transport. For low cylinder speeds
Uc, and hence U
∗ (experiments E6, E7, E11, E12), this
reduction is more pronounced and Vi/Vs = qac/(Ucld)
rises slightly with the cylinder speed. For higher cylin-
der speeds Uc (corresponding to higher U
∗), the infil-
tration volume Vi/Vs = qac/(Ucld) increases noticeably
and the data display a noticeable scatter. As we will
see in sections 3.2 and 3.3, the infiltration volume Vi
is mainly due to the disruption of the air curtain by
the moving cylinder and occurs while the air curtain is
re-establishing. For higher cylinder speeds relative to
a typical air curtain velocity (i.e., for higher values of
U∗), the air curtain interacts with strong vortices in the
cylinder wake during its re-establishment process which
leads to the observed scatter in the measured data for
Vi/Vs. The data for both air curtain strengths are similar.
The data for the weaker air curtain (Q0 = 338mm
2 s−1,
blue squares) are more scattered which reflects the fact
that the values of U∗ are larger so that the air curtain is
more affected by the interaction with the cylinder wake
during its re-establishment process. We note here that
both air curtain strengths give us values of U∗ in a sim-
ilar range (see table 1). We expect that the measured
values of Vi/Vs would differ significantly if we used an
air curtain such that, for example, U∗ ≫ 1. We discuss
further down below a proper way to non-dimensionalise
the data presented in figure 3a.
We also use the non-dimensionalisation by Vt =
ldUc∆t, where we take ∆t = 1 s and Vt is the volume
swept by the cylinder in the unit of time. Figure 3b
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shows V˜i/Vt as a function of the cylinder Reynolds num-
ber Recyl = Ucd/ν. We observe that V˜i/Vt is indepen-
dent of the cylinder Reynolds number once the wake
is turbulent. This confirms again that our small-scale
experiments are dynamically similar to real-scale pro-
cesses.
As was explained in the introduction, in case of a hor-
izontal density stratification across the doorway, the ef-
fectiveness E (see (2)) of the air curtain is determined
as a function of the deflection modulus Dm (see (1)).
For the case of a cylinder travelling between two iso-
density spaces, we introduced the effectiveness of the
air curtain in (7). Ec attains the value of Ec = 1 if the
air curtain completely prevents the infiltration flow due
to the cylinder wake and it assumes the value Ec = 0 if
the air curtain has no effect on the flow.
The conventional definition of Dm (see (1) is also not
meaningful in case of iso-density rooms, since in that
case Dm → ∞. The definition for Dm is the ratio be-
tween the initial momentum flux of the air curtain and
the horizontal pressure force acting across the doorway
due to the stack effect. Motivated by this, we introduce
the new deflection modulus Dm,c as the ratio of the mo-
mentumflux of the air curtain and the lateral momentum
flux due to the cylinder motion:
Dm,c =
b0u
2
0
U2cH
×
H
l
×
W
d
=
WQ2
0
b0ldU2c
, (11)
where W is the door width (here the full width of the
corridor). Large values for Dm,c correspond to slow
cylinder speeds Uc or to a large air curtain momentum
flux (small U∗). Small values Dm,c describe the situ-
ation when the cylinder moves fast and the air curtain
momentum flux is small (large U∗). Note that the fac-
tors H/l and W/d allow the inclusion of the effects of
the cylinder geometry in relation to the doorway dimen-
sions. This could be a topic for future investigations but
is beyond the scope of the present study.
Figure 4 shows the measured Ec(Dm,c) curve for our
experiments. From figure 4 we can deduce the follow-
ing pattern for the air curtain effectiveness Ec(Dm,c):
we observe low and scattered values of the effective-
ness Ec for Dm,c / 0.2. Here, the air curtain is weak
compared to the cylinder forcing: it is violently dis-
rupted by the moving cylinder and does not re-establish
quickly enough to cut the cylinder wake. As Dm,c in-
creases, the air curtain can interrupt the cylinder wake
more efficiently and thus Ec increases with Dm,c. The
effectiveness Ec reaches its peak value of ≈ 0.4 for
0.2 / Dm,c / 0.4. For Dm,c ' 0.4, we recognise a
slow decrease in the air curtain effectiveness Ec. Here,
the air curtain is strong compared to the cylinder wake
and re-establishes almost immediately after the cylinder
passage. However, the self-induced mixing by the air
curtain, i.e. qac,m, is large and increasing in this regime
so that Ec reduces.
It is instructive to compare the Ec(Dm,c) curve in fig-
ure 4 with the typical E(Dm) curve in figure 1 when
there is no cylinder motion but the lateral forcing on the
air curtain is due to the stack pressure. Both curves dis-
play low and scattered effectiveness values for Dm,c /
0.2 and Dm / 0.2, respectively. For Dm,c ' 0.4 and
Dm ' 0.4 we observe a decrease in E and Ec, which can
be attributed to an increasing qac,m in both cases. How-
ever, the peak value Ec ≈ 0.4 is significantly smaller
than the peak value E ≈ 0.8. The reason for this is that
E(Dm) reaches a maximum value when the air curtain
completely shields the doorway and the only infiltration
flow is due to the entrainment and mixing flux qac,m. For
Ec(Dm) curve, in contrast, the air curtain is always tem-
porarily disrupted by the cylinder and qac,cyl , 0. We
conclude that an optimally operating air curtain is more
effective in preventing the stack-pressure driven flux q
compared to the equal infiltration flux qcyl associated
with the cylinder wake. Similarly, an optimally operat-
ing air curtain between two iso-thermal rooms can never
reduce the exchange flux qcyl due to the moving cylinder
by more than 50%.
For real-scale air curtain installations, assuming b0 =
1 cm, Uc = 1m s
−1, l = 1.5m, W = 2m, d = 0.5m and
the air curtain discharge velocity in the range 1m s−1 −
5m s−1 yields values of the modified deflection modulus
Dm,c ≈ 0.03 − 0.66. This is the range of values that we
studied in our small-scale experiments.
3.2. Dye visualisation
We now present the dye visualisations and use them
to further explain the observed flux and effectiveness
measurements. Side views of the passage of the cylin-
der (left to right, marked by the arrow in figure 5(b))
are shown in figure 5. The cylinder was set into motion
0.5m away from the air curtain which was not influ-
enced by the cylinder at that distance as can be seen in
figure 5(a). As the cylinder approached the air curtain,
there was a small deflection of the air curtain in the di-
rection of motion of the cylinder. This agrees with our
definition ofDm,c which is based on themomentumflux,
or, equivalently, the pressure force that the cylinder ex-
erts on the air curtain. The major disruption occurred as
the cylinder passed below the air curtain as shown in fig-
ure 5(b). Immediately after the cylinder passed through
the air curtain, the infiltration of salt water (coloured in
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Figure 5: Side views of the interaction between the cylinder and the curtain for U∗ = 0.42, experiment EPIV2 (see table 1). The cylinder is moving
from the salt water to the sugar water side (from left to right as marked in (a)). The blue-dyed curtain jet separates two channel sides in (a) and the
red dye visualises the cylinder wake and the infiltration. The infiltration across the curtain and the re-establishment process is shown in (c). The
curtain is re-established in (d).
red) into the sugar water side took place during the pe-
riod of re-establishment of the curtain. At later times,
the air curtain re-established by penetrating the wake as
seen in figure 5(c). Figure 5(d) illustrates the moment
when the air curtain was first re-established and the in-
filtrated red fluid can be observed. Quantitative charac-
terisation of the infiltration flux using PIV is presented
in the next section.
3.3. Particle Image Velocimetry
Two-dimensional PIVmeasurements in a vertical x-z-
plane along the centreline of the channel were first con-
ducted on the planar turbulent jet in the absence of a
cylinder wake to validate the base case flow field, ex-
periment EPIV1. Note that z = 0 corresponds to the
channel bottom and x = 0 to the location of the ACD.
For the mean velocity field, we averaged 2500 instanta-
neous flow fields captured at 400 f.p.s. at two vertical
locations below the nozzle. As seen in figure 6(a), the
measurements show that the planar jet was fully devel-
oped with very little variation in the mean axial velocity
w at the two downstream locations. The mean axial ve-
locity w profile in this plot is normalized by the mean
centreline velocity wc at each location and the lateral
distance x from the jet axis is normalized by the distance
of the half velocity point x 1
2
m. For comparison and val-
idation, the data from Gutmark and Wygnanski [5] and
Heskestad [9] for the planar turbulent jet are also shown
in the figure, with reasonable agreement between their
data and ours. The axial turbulent intensity wrms profile,
scaled by the axial mean velocity wc, is plotted against
the lateral distance from the jet axis which is also non-
dimensionalised by x 1
2
m in figure 6(b). The present PIV
measurements are found to be in reasonable agreement
with the hot-wire data of Gutmark and Wygnanski [5]
and Heskestad [9].
Two-dimensional PIV measurements will now be
presented to examine the velocity field in the vertical
plane through the axis of the cylinder during the inter-
action of the air curtain with the cylinder wake, experi-
ments EPIV2. As mentioned above we conducted PIV
only for the pure water experiments as no quantitative
infiltration flux measurements were done here for which
sugar and salt are required as tracers. The flow was illu-
minated with a light sheet that passed through the chan-
nel base and some of the light sheet was blocked by the
cylinder base. In figure 7, this region is blacked out
and the cylinder is marked by horizontal lines. The ve-
locity vectors (u,w) in the x − z-plane are represented
by arrows, and the spanwise component of vorticity
ωy = wx − uz is represented by colours. A video of
the PIV is provided in the supplementary material as
‘Movie1’.
In the present case, the curtain was naturally turbulent
(figure 6(b)) and, when the cylinder was sufficiently far
away from the jet, shear layer eddies were visible on
both sides of the jet. As the cylinder approached the
air curtain (figure 7(a)), the streamwise velocity induced
by the cylinder pushes the jet forward. This is in line
with our definition of Dm,c in equation (11). When the
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Figure 6: Profiles of the mean and fluctuating vertical (axial) ve-
locity of the turbulent jet produced by the air curtain device in the
absence of a cylinder wake measured at two downstream locations
(H − z)/b0 = 592 and (H − z)/b0 = 645 for EPIV1 as described in
table 1. In (a) the profile of the mean axial velocity, normalised by
the centreline velocity w/wc, is plotted against the normalised lateral
distance from the jet axis. In (b), the axial turbulent intensity pro-
file, non-dimensionalised by the mean axial centreline velocity wc, is
plotted against the normalised lateral distance from the jet axis. For
comparison and validation of mean and turbulent properties, the data
from Heskestad [9] and Gutmark and Wygnanski [5] are also shown,
with reasonable agreement between their data and ours.
cylinder was closer to the air curtain (figure 7(b)), the
central core of the jet was highly perturbed and the shear
layer near the cylinder was suppressed.
The air curtain was completely disrupted when the
cylinder was underneath it. After the cylinder passage,
the air curtain started to re-establish but the wake veloc-
ity continued to pull it towards the cylinder (figure 7(c)).
The jet trajectory in figures 7(c) and (d) is shown by the
white dotted line. The air curtain started to penetrate
the cylinder wake from above and, during this time, an
unhindered fluid exchange could take place below the
region of the re-establishing air curtain (figure 7(c) and
7(d)).
In figure 8, we present the meandering of the jet dur-
ing the re-establishment process. The interacting vortex
is marked by the dashed red line and the jet trajectory
is shown by the dashed white line. The induced veloc-
ity of the marked vortex is in the clockwise direction
in figure 8(a). The jet responds to the velocity induced
by these vortical structures and evolves in the direction
of the induced velocity. In figure 8(c), a large anti-
clockwise vortical structure marked by a magenta el-
lipse above the establishing jet and a vortex pair marked
by the dashed red ellipse can also be observed. The vor-
tex pair induces a strong velocity at the center and the
jet is then diverted towards it (figure 8(d)) and the large
vortical structure draws it towards the cylinder wake.
We have shown in figure 8 the interaction with only two
structures whereas, during the re-establishment process,
the air curtain interacts in general with many such struc-
tures. The interaction of the air curtain with the vortical
structures in the wake is the main cause for the mean-
dering of the jet, which, in turn, increases the infiltration
volume Vi for large U
∗ (or small Dm,c).
In section 2, we discussed that the conductivity mea-
surements allow us to calculate a time-averaged flux qac
when the cylinder motion takes place between two fixed
positions before and after the curtain. In particular, we
noted that these fixed distances were such that the flux
qac was elevated during a reasonable fraction of the pro-
cess of the cylinder motion. The PIV measurements al-
low us to estimate the temporal variation of qac(t) and to
show that for our choice of the cylinder travel distance,
the flux qac(t) is indeed first elevated due to the inter-
action of the curtain with the cylinder and then returns
back to its original value.
Figure 9 shows the calculated line flux q˜ac/(lUc) from
PIV measurements for U∗ = 0.42 (experiment EPIV2)
through a vertical line x/H = 0.08 where x = 0 cor-
responds to the position of the air curtain device. The
time t∗ = t/t fw is normalised by the re-establishment
time of the air curtain t fw with t
∗ = 0 chosen as the
moment when the cylinder passes directly underneath
the air curtain. The time axis covers the entire process
of the cylinder motion, from start to finish. We note
that our PIV measurements provide a visualisation of
the two-dimensional flow field in the streamwise and
vertical plane through the axis of the cylinder at the
spanwise coordinate y = 0. The dashed line in figure 9
corresponds to the time range when the cylinder passes
through the chosen location x/H and the light is blocked
by the cylinder base.
As can been seen in figure 9 the flux q˜ac/(lUc) first
increases after t∗ ∼ −1 due to the dynamic pressure of
the cylinder (marked as (a) on the figure) as also seen in
PIV image in figures 7 (a) and (b). In the time period
(b) of figure 9, we observe that the flux increases after
the passage of the cylinder caused by the transport in
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Figure 7: Velocity (arrows) and spanwise vorticity (colours) fields illustrating the passage of the cylinder with speed U∗ = 0.42, experiment EPIV2,
through the air curtain. Figures (a) and (b) demonstrate the distortion of the curtain as the cylinder approaches, and figures (c) and (d) show the
flow after the cylinder has passed through the doorway. The black space represents the area where the light is blocked by the cylinder base. The
non-dimensional times are (a) t∗ = t/t f w = −0.69 and (b) t
∗ = t/t f w = −0.58. (c) t
∗ = t/t f w = 0.62 and (d) t
∗ = t/t f w = 0.87. We set the time t = 0
as the time when the cylinder passes the jet axis. The dimensionless spanwise vorticity ωH/wm is shown beside figure (b) and the representative
length of the velocity vector w/wm is marked beside figure (a).
the cylinder wake, which is also seen in figure 7 (c).
Finally, the flux decreases during period (c), due to the
re-establishment of the air curtain as can be observed in
figure 7(d).
To relate the line flux q˜ac and the instantaneous flux
qac(t), we consider
qac(t)
ldUc
=
∫ W/2
−W/2
q˜ac(y)dy
ldUc
. (12)
Now, since the interaction of the curtain with the cylin-
der wake is a three-dimensional process, the line flux
q˜ac(y) will be generally dependent on the spanwise coor-
dinate y. However, we only have the PIV measurements
for the plane y = 0. If we make a very crude approx-
imation q˜ac(y) ≈ q˜ac(0) for |y| < d/2 and q˜ac(y) ≈ 0
otherwise, then
qac(t)
ldUc
≈
q˜ac(y)
∣∣∣
y=0
d
ldUc
=
q˜ac
lUc
. (13)
The mean of the data in figure 9 is q˜ac/(lUc) ∼ 0.19.
The time-averaged flux qac for experiment E13 calcu-
lated by means of (6) is qac = 0.35L s
−1 and
qac
ldUc
= 0.23
for EPIV2. Thus, qac calculated as in (6) can indeed be
regarded as an approximation to the average of the tem-
porally varying exchange flux associated with the cylin-
der motion.
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Figure 8: Combined velocity and vorticity fields for a re-establishing curtain after the passage of the cylinder for the same experimental parameters
as in figure 7, experiments EPIV2. The white dashed line represents the curtain position. The evolution of the jet is downwards and deflected by
the cylinder wake as seen in figure (a). At later times, the jet approaches the tank bottom and is also drawn towards the cylinder. Interaction of
the re-establishing jet and the vortex pair is shown further in figures (c), (d) and (e). The vortex pair is marked by the dashed red line and a single
strong vortex by the thin dashed magenta line in (c). The non-dimensional times are (a) t∗ = t/t f w1.10, (b) t
∗ = t/t f w = 1.26, (c) t
∗ = t/t f w = 1.95,
(d) t∗ = t/t f w = 2.04 and (e) t
∗ = t/t f w = 2.23.
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Figure 9: Normalised instantaneous line flux q˜ac/(lUc) for the po-
sition x/H = 0.08 as a function of the normalised time t∗ = t/t f w =
twm/H. We choose t
∗ = 0 as the time when the cylinder is directly un-
derneath the air curtain and the time axis extends for the entire process
of the cylinder motion. The blue line is plotted for the case U∗ = 0.42
(experiment EPIV2) and the orange line shows the reference case of
just an air curtain (experiment EPIV1) when there is no cylinder mov-
ing across it.
4. Summary and conclusions
We have examined the contaminant transport by a
cylinder moving through the air curtain which separates
two iso-density sections of a channel. This models the
situation in a building when a person walks along a
corridor between two isothermal zones, for example a
healthcare worker moving from a dirty into a clean zone
in a hospital. Small-scale laboratory experiments were
conducted using fresh water, salt and sugar solutions, to
produce flows dynamically similar to real-scale air cur-
tain installations.
For a cylinder passing through an air curtain between
two iso-density zones and two fixed points, we observed
a reduction in infiltration flux of about 40% as compared
to the no curtain case. Furthermore, we established new
definitions of the deflection modulus Dm,c and the ef-
fectiveness Ec. Dm,c is based on the momentum flux of
the air curtain and the lateral momentum flux due to the
cylinder and the effectiveness Ec describes the ability
of the air curtain to reduce the flux associated with the
wake of the moving cylinder.
The cylinder disrupts the air curtain and visualisa-
tions of the jet and the cylinder wake show the infiltra-
tion of the fluid carried along within the cylinder wake
underneath the disrupted jet while it is re-establishing.
With an increasing cylinder speed, the entrainment in
the cylinder wake also increases due to the faster wake
velocity.
We used the time-resolved two-dimensional parti-
cle image velocimetry to study the interaction of the
jet and the cylinder wake. We observed that the re-
establishment process of the jet is highly unsteady and
the jet flaps due to the large vortical structures in the
wake leading to an increased mixing across the door-
way. PIV measurements also allowed us to assess the
temporal variations of the infiltration flux associated
with the transient passage of the cylinder.
The effect of human passage on the contaminant
transport is important in the design and the operation
of hospital wards, clean rooms in chemical or pharma-
ceutical industries and in protecting isolation rooms
for infectious and immunocompromised patients from
infiltration of airborne contamination. Our study shows
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that an air curtain can help in reducing the contaminant
transport in human wakes in hospital buildings for
containment of patients and we suggest its usage along
with negative pressure for containment wards.
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Appendix A. Supplementary materials
Video caption for supplementary video 1
(Movie1.avi): Combined velocity and vorticity
field from time-resolved PIV measurements of the in-
teraction of the curtain and the cylinder for U∗ = 0.42,
experiment EPIV2. The video is played at 16 times
slower than real speed. During the cylinder passage,
part of the light sheet was blocked by the cylinder base,
which can be seen in processed PIV images with mostly
zero and few bad velocity vectors in those areas.
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